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©  Faceted  magneto-optical  garnet  layer. 
©  A  magneto-optical  element  comprises  a  magnetic  garnet 
layer  on  a  crystalline  substrate.  The  garnet  layer  has  a 
faceted  structure,  which  provides  high  Faraday  rotation  and 
controlled  coercivity.  The  faceted  structure  is  preferably 
formed  by  depositing  the  layer  onto  a  substrate  whose  lattice 
constant  is  at  least  about  0.5%  smaller  than  that  of  the  layer. 
The  resulting  elements  find  application  in  light  modulators, 
such  as  switches  and  displays,  where  they  permit  high 
resolution  without  having  to  be  cut  into  an  array  of  small 
cells. 
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BACKGROUND  OF  THE  INVENTION 

1.  F i e l d   of  t he   I n v e n t i o n  

T h i s   i n v e n t i o n   r e l a t e s   to  a  m a g n e t o - o p t i c a l   l a y e r  

t h a t   p r o v i d e s   h i g h   F a r a d a y   r o t a t i o n   and  c o n t r o l l e d   c o e r -  

c i v i t y .  

2.  D e s c r i p t i o n   of  the   P r i o r   A r t  

When  c e r t a i n   m a t e r i a l s   a re   s u b j e c t e d   to  a  s t r o n g  

m a g n e t i c   f i e l d ,   t h e y   become  o p t i c a l l y   a c t i v e .   T h u s ,  

when  p l a n e   p o l a r i z e d   l i g h t   is  s e n t   t h r o u g h   such  a  m a t e -  

r i a l   in  a  d i r e c t i o n   p a r a l l e l   to  an  a p p l i e d   m a g n e t i c  

f i e l d ,   t he   p l a n e   of  p o l a r i z a t i o n   is  r o t a t e d .   T h i s  

m a g n e t o - o p t i c a l   e f f e c t ,   c a l l e d   t he   " F a r a d a y   e f f e c t , "   h a s  

been   o b s e r v e d   in  many  s o l i d s ,   l i q u i d s ,   and  g a s e s   and  h a s  

f o u n d   a  v a r i e t y   of  a p p l i c a t i o n s .   In  m a t e r i a l   h a v i n g   a  

m a g n e t i c   momen t ,   the   amount   of  r o t a t i o n   of  the   p l a n e   o f  

p o l a r i z a t i o n   is  p r o p o r t i o n a l   to  the   m a g n e t i z a t i o n   and  t o  

t h e   d i s t a n c e   t r a v e l e d   t h r o u g h   the   medium.   For  a  t y p i c a l  

a p p l i c a t i o n ,   i t   is  d e s i r a b l e   t h a t   the   c o n s t a n t   of  t h e  

p r o p o r t i o n a l i t y ,   or  " s p e c i f i c   F a r a d a y   r o t a t i o n , "   a n d  

t r a n s m i t t a n c e   be  h i g h .  

One  a p p l i c a t i o n ,   a  m a g n e t o - o p t i c a l   l i g h t - s w i t c h i n g  

a r r a y ,   d u b b e d   " L i s a , "   was  d e s c r i b e d   by  J.  G o s c h ,   E l e c -  

t r o n i c s ,   December   29,  1981 ,   pp.   53,  54.  P o t e n t i a l  

a p p l i c a t i o n s   fo r   L i s a - t y p e   d e v i c e s   a re   in  p r i n t i n g ,  

e l e c t r o p h o t o g r a p h y ,   and  d i s p l a y s .  

M.  F.  Shone  et   a l . ,   IEEE  T r a n s .   Magn.  MAG-18,  1 3 0 7  

( 1 9 8 2 ) ,   d i s c l o s e d   f i l m s   of  the   form  B i x T m 3 - x F e y G a 5 - y O 1 2 ,  
w i t h   x  >  0 . 6 ,   y  Z   1 . 2 .   The  f i l m s   were  grown  by  l i q u i d  

p h a s e   e p i t a x y   on  g a d o l i n i u m   g a l l i u m   g a r n e t   (GGG)  s u b -  

s t r a t e s .   These   f i l m s   show  h igh   v a l u e s   of  s p e c i f i c  

F a r a d a y   r o t a t i o n   ( 0 . 5 1 - 0 . 8 6   d e g / p m   at  632  nm)  and  a 
b r o a d   r a n g e   of  a n i s o t r o p y   f i e l d s   ( 1 0 0 0 - 5 0 0 0  O e ) .  

N e l s o n   et   a l . ,   J.  A p p l .   P h y s .   53,  1687  ( 1 9 8 2 ) ,   U . S .  

P a t e n t   4 , 2 9 5 , 9 8 8 ,   i s s u e d   O c t o b e r   20,  1981 ,   d i s c l o s e d   LPE 



m a g n e t o - o p t i c a l   c r y s t a l s   of  B i l L u 2 F e 5 0 1 2   g a r n e t   grown  o n  
GGG  s u b s t r a t e s .   They  showed   t h a t   o p t i c a l   a b s o r p t i o n   o f  

the   f i l m s   c o u l d   be  r e d u c e d   by  the   a d d i t i o n   of  CaO 

d o p a n t .   The  LPE  c r y s t a l   is  " c o n s t r a i n e d   to  have   a  
s i m i l a r   l a t t i c e   c o n s t a n t   [ to   t he   GGG  l a t t i c e   c o n s t a n t ] . "  

M a t e i k a   e t   a l . ,   U .S .   P a t e n t   4 , 3 7 9 , 8 5 3 ,   i s s u e d   A p r i l  

12,  1 9 8 3 ,   d i s c l o s e d   a  m a g n e t o - o p t i c a l   d e v i c e   whose   s u b -  

s t r a t e   c o m p o s i t i o n   was  c h o s e n   p r i m a r i l y   to  p r o v i d e   a  
ma tch   b e t w e e n   the   l a t t i c e   c o n s t a n t s   of  the   m a g n e t o -  

o p t i c a l   c r y s t a l   and  s u b s t r a t e .  

B o n n e r   et   a l . ,   U.S .   P a t e n t   4 , 2 6 5 , 9 8 0 ,   i s s u e d   May  5 ,  

1981 ,   d i s c l o s e d   t h a t   LPE  f i l m s   on  GGG  r e q u i r e   t h a t   t h e  

l a t t i c e   c o n s t a n t   ma tch   w i t h i n   a b o u t   0.5%  and  t h a t   t h e  

s u b s t r a t e   s u r f a c e   be  s m o o t h   and  f l a t ,   w i t h   a  h i g h   d e g r e e  
of  c r y s t a l l i n e   p e r f e c t i o n .  

S c h m e l z e r   et   a l . ,   U .S .   P a t e n t s   4 , 2 7 4 , 9 3 5 ,   i s s u e d  

June   23,  1981 ,   and  4 , 3 1 4 , 8 9 4 ,   i s s u e d   F e b r u a r y   9,  1 9 8 2 ,  

d i s c l o s e d   a  m e t h o d   of  p r e p a r i n g   a  m a g n e t i c   l a y e r   t h a t  

i n c l u d e s   p r o v i d i n g   a  l a t t i c e   c o n s t a n t   m i s m a t c h   to  c a u s e  
the   LPE  l a y e r   to  be  s t r e s s e d   and  t h e r e b y   e n h a n c e   i o n  

i m p l a n t a t i o n .  

V o l l u e t   et   a l . ,   U.S .   P a t e n t   4 , 3 1 6 , 1 6 2 ,   i s s u e d  

F e b r u a r y   16,  1 9 8 2 ,   d i s c l o s e d   a  m a g n e t o s t a t i c   wave  d e v i c e  

on  a  GGG  s u b s t r a t e ,   in  w h i c h   p a r t   of  the   s u b s t r a t e   i s  

r o u g h e n e d   to  i n c r e a s e   t h e   a t t e n u a t i o n   of  t he   m a g n e t o -  
s t a t i c   w a v e .  

In  g e n e r a l ,   the   t e a c h i n g   of  t he   p r i o r   a r t   r e l a t i n g  

to  m a g n e t o - o p t i c a l   f i l m s   e m p h a s i z e s   the   d e s i r a b i l i t y   o f  

a  c l o s e   m a t c h   b e t w e e n   t he   l a t t i c e   c o n s t a n t s   of  the   f i l m  

and  s u b s t r a t e   c r y s t a l s .   Where   a  m i s m a t c h   b e t w e e n   t h e  

l a t t i c e   c o n s t a n t s   has  been   d i s c l o s e d ,   in  each   c a s e   t h e  

d e v i c e   was  no t   m a g n e t o - o p t i c a l .  

SUMMARY  OF  THE  INVENTION 

In  a c c o r d a n c e   w i t h   t he   p r e s e n t   i n v e n t i o n ,   a  

m a g n e t o - o p t i c a l   e l e m e n t   is  p r o v i d e d   c o m p r i s i n g   a  

m a g n e t i c   g a r n e t   l a y e r   on  a  c r y s t a l l i n e   s u b s t r a t e   a n d  

c h a r a c t e r i z e d   in  t h a t   t he   l a t t i c e   c o n s t a n t   of  the   g a r n e t  

l a y e r   e x c e e d s   the   l a t t i c e   c o n s t a n t   of  t he   s u b s t r a t e   b y  



at  l e a s t   a b o u t   0.5%.  The  d e v i c e   may  be  p r e p a r e d   b y  

d e p o s i t i n g ,   by  l i q u i d   p h a s e   e p i t a x y   (LPE) ,   a  m a g n e t i c  

g a r n e t   l a y e r   on  a  c r y s t a l l i n e   s u b s t r a t e   whose   l a t t i c e  

c o n s t a n t   is  l e s s   t h a n   t h a t   of  t he   g a r n e t   l a y e r   by  a t  

l e a s t   a b o u t   0 . 5 % .  

The  d e v i c e s   of  the   p r e s e n t   i n v e n t i o n   have   h i g h  

F a r a d a y   r o t a t i o n   and  c o n t r o l l e d   c o e r c i v i t y   and  f i n d  

a p p l i c a t i o n   in  m a g n e t o - o p t i c a l   l i g h t   m o d u l a t o r s ,   such   a s  

s w i t c h e s ,   d i s p l a y   d e v i c e s ,   e t c .  

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

F i g .   1  d e p i c t s   the   d e p e n d e n c e   of  t r a n s m i t t a n c e   on  

a p p l i e d   f i e l d   for   a  d i s p l a y   b a s e d   on  the   m a g n e t o - o p t i c a l  

e l e m e n t   of  t h i s   i n v e n t i o n .  

F i g .   2  shows  the   d e p e n d e n c e   of  s w i t c h i n g   f i e l d   o n  

f i l m   t h i c k n e s s   fo r   t h r e e   c o m p o s i t i o n s .  

F i g .   3  is  a  s c h e m a t i c   of  a  l i g h t   m o d u l a t o r   t h a t  

i n c l u d e s   a  m a g n e t o - o p t i c a l   e l e m e n t   of  t he   p r e s e n t  
i n v e n t i o n .  

DETAILED  DESCRIPTION  OF  THE  INVENTION 

The  p r e s e n t   i n v e n t i o n   p r o v i d e s   m a g n e t o - o p t i c a l  

e l e m e n t s   t h a t   c o m b i n e   F a r a d a y   r o t a t i o n   in  e x c e s s   of  2 

d e g / p m   and  c o n t r o l l e d   c o e r c i v i t y .   They  c o m p r i s e   a  

m a g n e t i c   g a r n e t   l a y e r   on  a  c r y s t a l l i n e   s u b s t r a t e .   I n  

one  e m b o d i m e n t ,   the   c o m p o s i t i o n s   a re   c h o s e n   so  t h a t   t h e  

l a t t i c e   c o n s t a n t   of  t he   g a r n e t   l a y e r   e x c e e d s   t h a t   of  t h e  

s u b s t r a t e   by  at  l e a s t   a b o u t   0 .5%.  As  a  r e s u l t   of  t h e  

l a t t i c e   m i s m a t c h ,   the   g a r n e t   l a y e r   is  " f a c e t e d . "   I n  

o t h e r   e m b o d i m e n t s ,   f a c e t i n g   of  t he   g a r n e t   l a y e r   i s  

a c c o m p l i s h e d   by  d e p o s i t i n g   i t   on  a  s u b s t r a t e   t h a t   h a s  

been   r o u g h e n e d   f i r s t   o r ,   a l t e r n a t i v e l y ,   by  d e p o s i t i n g   i t  

o n t o   an  i n t e r m e d i a t e   f i l m   on  the   s u b s t r a t e .   When  t h e  

g a r n e t   l a y e r   is  d e p o s i t e d   o n t o   an  i n t e r m e d i a t e   f i l m ,   t h e  

c o m p o s i t i o n s   a re   c h o s e n   so  t h a t   the   l a t t i c e   c o n s t a n t   o f  

an  " u p p e r "   f i l m   e x c e e d s   t h a t   of  a  " l o w e r "   f i l m ,   or  s u b -  

s t r a t e ,   by  at  l e a s t   a b o u t   0.5%;  i . e . ,   the   l a t t i c e   c o n -  

s t a n t   of  t he   g a r n e t   l a y e r   e x c e e d s   t h a t   of  t he   i n t e r m e d i -  

a t e   f i l m   or  i n t e r m e d i a t e   f i l m   e x c e e d s   t h a t   of  the   s u b -  

s t r a t e .  



The  g a r n e t   l a y e r s   of  t h i s   i n v e n t i o n   a re   grown  by  

l i q u i d   p h a s e   e p i t a x y   (LPE) ,   d e s c r i b e d   in  B l ank   e t   a l . ,  

J .   C r y s t .   Growth  17,  302  ( 1 9 7 2 ) .   The  o p t i m u m   s i t u a t i o n  

of  e p i t a x i a l   g r o w t h   is  " h o m o e p i t a x y , "   where   t he   s u b -  

s t r a t e   and  o v e r g r o w t h   a re   of  the   same  m a t e r i a l .   T h e  

p r e s e n t   i n v e n t i o n   i n v o l v e s   h e t e r o e p i t a x y   of  a  g a r n e t  

f i l m   on  a  s u b s t r a t e .   In  the   c o n v e n t i o n a l   v i e w ,   " t h e  

most   i m p o r t a n t   r e q u i r e m e n t   fo r   s u c c e s s f u l   g a r n e t   e p i t a x y  

has  been   the   need  fo r   l a t t i c e   p a r a m e t e r   m a t c h .   Th i s   h a s  

been  the  b e s t   s i n g l e   p r e d i c t o r   for   s u c c e s s . "   ( L .  

V a r n e r i n ,   IEEE  T r a n s .   on  Magn.  MAG-7,  404  ( 1 9 7 1 ) )   F a c e t -  

ing  of  an  LPE  l a y e r   has  been  c o n s i d e r e d   a  d e f e c t ,   a n d  

i d e n t i f i c a t i o n   of  p a r a m e t e r s   to  s u r p r e s s   f a c e t i n g   " a  

m a j o r   a c h i e v e m e n t , "   ( i b i d . )   A  key  e l e m e n t   of  f a c e t   s u p -  

p r e s s i o n   is  good  l a t t i c e   ma tch   (to  w i t h i n   1  to  2  p m ) .  
The  p r e s e n t   i n v e n t i o n   d e p a r t s   from  the   c o n v e n t i o n a l  

v i e w .   Under  c o n t r o l l e d   c o n d i t i o n s ,   the   c r y s t a l   m o r p h -  

o l o g y   of  a  LPE  m a g n e t o - o p t i c a l   g a r n e t   f i l m   c h a n g e s   f r o m  

a  c o n t i n u o u s ,   l o w - d e f e c t   f i l m   to  a  h i g h l y   d e f e c t i v e  

f a c e t   s t r u c t u r e .   If  t h e y   c o n t a i n   b i s m u t h ,   t h e s e   f a c e t e d  

f i l m s   have  a  s i g n i f i c a n t l y   h i g h e r   F a r a d a y   r o t a t i o n   t h a n  

c o n t i n u o u s   f i l m s   grown  from  the  same  m e l t ,   b e c a u s e   t h e  

c o n c e n t r a t i o n   of  b i s m u t h   d o p a n t   in  the   f i l m s   is  b e l i e v e d  

to  i n c r e a s e   s i g n i f i c a n t l y .   For  e x a m p l e ,   e l e c t r o n   m i c r o -  

p r o b e   a n a l y s i s   showed   a b o u t   a  2 - f o l d   i n c r e a s e   in  b i s m u t h  

c o n c e n t r a t i o n   in  f i l m s   as  f a c e t i n g   s e t s   i n .   The  F a r a d a y  
r o t a t i o n   of  such  f i l m s ,   which   is  n e a r l y   p r o p o r t i o n a l   t o  

b i s m u t h   c o n t e n t ,   is  l i k e w i s e   d o u b l e d   by  f a c e t i n g .   I n  

such   m e l t s ,   the   l a t t i c e   c o n s t a n t   of  the   f i l m s   g e n e r a l l y  
i n c r e a s e s   as  g r o w t h   t e m p e r a t u r e   is  d e c r e a s e d .   S i n c e   t h e  

LPE  l a y e r   has  a  g r e a t e r   l a t t i c e   c o n s t a n t   t h a n   t h e  

s u b s t r a t e ,   f a c e t s   d e v e l o p   for   c e r t a i n   m e l t   c o m p o s i t i o n s  

when  the  g r o w t h   t e m p e r a t u r e   is  be low  a  c r i t i c a l   v a l u e .  

If  l a t t i c e   m i s m a t c h   is  too  g r e a t ,   e p i t a x i a l   g r o w t h   i s  

p r e v e n t e d .   Thus ,   the   LPE  f i l m   l a t t i c e   c o n s t a n t  

p r e f e r a b l y   e x c e e d s   t h a t   of  the   s u b s t r a t e   by  l e s s   t h a n  

a b o u t   2%. 

Film  c o m p o s i t i o n   is  d e t e r m i n e d   by  a  c o m b i n a t i o n   o f  



the   m e l t   c o m p o s i t i o n   and  g r o w t h   t e m p e r a t u r e .   The  p r e -  
f e r r e d   f i l m   c o m p o s i t i o n s   a re   t r a n s i t i o n   m e t a l   g a r n e t s ,  

more  p r e f e r a b l y   i r o n   g a r n e t s .   In  a  p r e f e r r e d   d e v i c e ,  

the   g a r n e t   l a y e r   is  a  c o m p o s i t i o n   n o m i n a l l y   r e p r e s e n t e d  

by  the   f o r m u l a   R 3 - d ( C a , S r ) d ( F e , N i , C o , G a ) 5 - d ( S i , G e ) d O 1 2 ,  
where   R  is  at   l e a s t   1  e l e m e n t   of  t h e   g r o u p   c o n s i s t i n g   o f  

B i ,   Y,  and  the   e l e m e n t s   h a v i n g   a t o m i c   number   from  57  t o  

71,  and  d  is   f rom  0  to  a b o u t   1 . 5 .   More  p r e f e r r e d   i s  

( B i , Y , T m , G d ) 3 ( F e , G a ) 5 0 1 2 .   The  p r e f e r r e d   s u b s t r a t e   i s  

g a d o l i n i u m   g a l l i u m   g a r n e t   (GGG).  When  the   LPE  f i l m   i s  

d e p o s i t e d   on  a  GGG  s u b s t r a t e ,   d e p o s i t i o n   on  the   ( 1 1 1 )  

f a c e   is  p r e f e r r e d .  

A  p r i m a r y   a p p l i c a t i o n   of  m a g n e t o - o p t i c a l   e l e m e n t s  

is  in  s w i t c h e s / d i s p l a y s   or  o t h e r   l i g h t   m o d u l a t o r s .   If  a  

beam  of  p l a n e   p o l a r i z e d   l i g h t   is  i n c i d e n t   on  an  e l e m e n t  

h a v i n g   a  m a g n e t i c   e a s y   a x i s   n o r m a l   to   i t s   s u r f a c e ,   t h e  

p l a n e   of  p o l a r i z a t i o n   is  r o t a t e d ,   c l o c k w i s e   or  c o u n t e r  

c l o c k w i s e ,   d e p e n d i n g   on  the   d i r e c t i o n   of  m a g n e t i z a t i o n  

of  the   f i l m .   If  t he   r o t a t e d   beam  is   t h e n   p a s s e d   to  a  

s u i t a b l y - o r i e n t e d   a n a l y z e r ,   t r a n s m i s s i o n   t h r o u g h   t h e  

a n a l y z e r   w i l l   d e p e n d   on  the   o r i e n t a t i o n   of  the   p l a n e   o f  

p o l a r i z a t i o n   of  the   beam.   Thus ,   by  c h a n g i n g   the  d i r e c -  

t i o n   of  t he   m a g n e t i z a t i o n ,   the   beam  can  be  t u r n e d   " o n "  

and  " o f f . "   The  maximum  o n - o f f   c o n t r a s t   is  a c h i e v e d   i f  

t he   d e v i c e   r o t a t e s   t he   p l a n e   of  p o l a r i z a t i o n   by  4 5 ° ,  

c r e a t i n g   a  90°  d i f f e r e n c e   in  p l a n e   of  p o l a r i z a t i o n  

d e p e n d i n g   on  the   d i r e c t i o n   of  m a g n e t i z a t i o n .   ( E l e c -  

t r o n i c s ,   D e c e m b e r   29,  1981 ,   p.  53;  and  March  24,  1 9 8 3 ,  

p.  51. )   In  g e n e r a l ,   t he   p r e s e n t   i n v e n t i o n   p r o v i d e s   a  

l i g h t   m o d u l a t o r   t h a t   c o m p r i s e s   a  m a g n e t o - o p t i c a l   e l e -  

m e n t ,   d e s c r i b e d   a b o v e ,   a d a p t e d   f o r   p l a c e m e n t   so  t h a t   a  

beam  of  p o l a r i z e d   l i g h t   is  i n c i d e n t   on ,   and  p a s s e s  

t h r o u g h ,   t he   g a r n e t   l a y e r ;   an  a n a l y z e r   a d a p t e d   f o r  

p l a c e m e n t   so  t h a t   t h e   beam,  a f t e r   p a s s i n g   t h r o u g h   t h e  

e l e m e n t ,   is  i n c i d e n t   on  the  a n a l y z e r ;   means  fo r   a p p l y i n g  

a  m a g n e t i c   f i e l d   to  t he   g a r n e t   l a y e r ;   and  means  f o r  

a d j u s t i n g   the   m a g n e t i c   f i e l d   to  c o n t r o l   the   l i g h t   t r a n s -  

m i t t e d   by  t he   l i g h t   m o d u l a t o r .   The  m a g n e t i z a t i o n   may  b e  



s w i t c h e d   t h e r m a l l y   ( L i s a   d e v i c e   of  P h i l i p s )   or  e l e c -  

t r i c a l l y   ( L i g h t   Mod  d e v i c e   of  L i t t o n ) ,   w i t h   e f f e c t i v e  

o p t i c a l   s w i t c h i n g   t i m e s   of  l e s s   t h a n   a  m i c r o s e c o n d .   A 

c o m p r e h e n s i v e   d i s c u s s i o n   of  the   L i s a   and  L i g h t   Mod 

d e v i c e s ,   among  o t h e r s ,   a p p e a r e d   in  P.  P a r o l i ,   Thin  S o l i d  

F i l m s   114,  187  ( 1 9 8 4 ) .  

Below  s a t u r a t i o n ,   t he   d e g r e e   of  p o l a r i z a t i o n   r o t a -  

t i o n   d e p e n d s   on  t h e   a p p l i e d   f i e l d   s t r e n g t h ,   f i l m   t h i c k -  

n e s s ,   F a r a d a y   r o t a t i o n   c o n s t a n t ,   and  s a t u r a t i o n   m a g n e t i -  

z a t i o n   of  the   f i l m .   The  d e v i c e s   d e s c r i b e d   above   r e q u i r e  

a  t r a n s p a r e n t   f i l m .   O t h e r   t h i n g s   b e i n g   e q u a l ,   a  h i g h  

F a r a d a y   r o t a t i o n   c o n s t a n t   is  d e s i r a b l e ,   b e c a u s e   i t   p e r -  
m i t s   a  t h i n n e r   a n d ,   t h e r e f o r e ,   more  t r a n s p a r e n t   f i l m   t o  

be  u s e d .   A l t e r n a t i v e l y ,   h i g h   t r a n s m i s s i o n   is  d e s i r a b l e ,  

b e c a u s e   i t   p e r m i t s   a  t h i c k e r   f i l m   to  be  u s e d ,   which   w i l l  

p r o v i d e   g r e a t e r   r o t a t i o n   of  the   p l a n e   of  p o l a r i z a t i o n .  

T h u s ,   a  m a g n e t o - o p t i c a l   f i g u r e   of  m e r i t   can  be  d e f i n e d  

f o r   a  m a t e r i a l   by  8 / a ,   where   6  is  t he   s p e c i f i c   F a r a d a y  

r o t a t i o n   and  a  t he   a b s o r p t i o n .   (See  G.B.  S c o t t   et  a l . ,  

IEEE  T r a n s .   on  Magn.  MAG-12,  292  ( 1 9 7 6 ) . )   F i g u r e s   o f  

m e r i t   as  a  f u n c t i o n   of  i n c i d e n t   w a v e l e n g t h   for   v a r i o u s  

g a r n e t   m a t e r i a l s   were   r e p o r t e d   by  Hansen   e t   a l . ,  

L a n d o l t - B o r n s t e i n ,   Group  I I I ,   Vol.   12,  " M a g n e t i c   a n d  

O t h e r   P r o p e r t i e s   of  O x i d e s   and  R e l a t e d   C o m p o u n d s , "   p a r t  

a  " G a r n e t s   and  P e r o v s k i t e s , "   S p r i n g e r - V e r l a g ,   N . Y . ,  

1978 ,   p.  1 9 6 .  

A  common  c h a r a c t e r i s t i c   of  the   m a g n e t o - o p t i c a l   c o m -  

p o s i t i o n s   d i s c u s s e d   above   is  t h a t   t h e y   have  l i t t l e   or  n o  

c o e r c i v i t y .   As  a  r e s u l t ,   t he   m a t e r i a l s   l o s e   t h e i r   n e t  

m a g n e t i z a t i o n   in  t he   a b s e n c e   of  an  a p p l i e d   f i e l d .   To 

a v o i d   h a v i n g   to  m a i n t a i n   an  a p p l i e d   f i e l d ,   the   d e v i c e s  

p r e p a r e d   from  t h e s e   c o m p o s i t i o n s   a re   d i v i d e d   i n t o  

c e l l s .   Each  c e l l   c o m p r i s e s   a  s i n g l e   doma in   t h a t   r e t a i n s  

i t s   m a g n e t i z a t i o n   in  z e r o   a p p l i e d   f i e l d .   In  c o n t r a s t   t o  

t h i s ,   the   p r e s e n t   d e v i c e s   have  n o n - z e r o   c o e r c i v i t y ,  

which   p r o v i d e s   s e v e r a l   a d v a n t a g e s .   F i r s t ,   t h e r e   is  n o  

need   to  d i v i d e   t he   f i l m   i n t o   d o m a i n - s i z e d   c e l l s .  

S e c o n d l y ,   the   m a g n e t i z a t i o n   of  the   p r e s e n t   l a y e r   can  b e  



c o n t i n u o u s l y   v a r i e d   by  an  a p p l i e d   f i e l d   to  p r o v i d e   a  

r a n g e   of  v a l u e s   of  t r a n s m i t t e d   l i g h t .   The  s m a l l   c e l l s  

of  e a r l i e r   m a g n e t o - o p t i c a l   d e v i c e s   a re   2 - l e v e l ,   h a v i n g   a 

f i x e d   m a g n e t i z a t i o n ,   w i t h   o n l y   the   d i r e c t i o n   v a r i a b l e .  

F i n a l l y ,   the   p a r a m e t e r s   of  the   s m a l l   c e l l s   a re   s e n s i t i v e  

to  c r y s t a l   d e f e c t s ,   w h i l e   t he   p r e s e n t   f i l m s   have   a  h i g h  

d i s l o c a t i o n   d e n s i t y   and  a re   t h u s   l e s s   s e n s i t i v e   t o  

c r y s t a l   d e f e c t s .  

F i g .   1  shows  the   o p t i c a l   a b s o r p t i o n   h y s t e r e s i s   of  a 

f a c e t e d   m a g n e t o - o p t i c a l   f i l m   p l a c e d   b e t w e e n   p o l a r i z e r  

and  a n a l y z e r   p l a t e s   o r i e n t e d   so  t h a t   the   r e l a t i v e   l i g h t  

i n t e n s i t y   t r a n s m i t t e d   by  the   a n a l y z e r   t r a c k s   t he   m a g -  
n e t i z a t i o n   of  the   f i l m .   T h u s ,   t he   f i l m   shows  a  t y p i c a l  

"B-H  l o o p "   h y s t e r e s i s   in  r e s p o n s e   to  an  a p p l i e d   m a g n e t i c  

f i e l d .   In  p r a c t i c e ,   t he   f i l m   is  f i r s t   100%  s a t u r a t e d ,  

and  the   p o l a r i z e r   and  a n a l y z e r   t h e n   o r i e n t e d   to   p r o v i d e  

minimum  l i g h t   t r a n s m i t t a n c e .   S a t u r a t i o n   is  a c h i e v e d  

when  a  f i e l d   of  a b o u t   300  Oe  is  a p p l i e d ,   and  the   f i l m  

m a i n t a i n s   t h i s   s a t u r a t e d   s t a t e   when  the   f i e l d   i s  

r e m o v e d .   A p p l i c a t i o n   of  a  f i e l d   of  a b o u t   300  Oe  in  t h e  

o p p o s i t e   d i r e c t i o n   b r i n g s   the   f i l m   to  s a t u r a t i o n   in  t h e  

o p p o s i t e   d i r e c t i o n   (maximum  l i g h t   t r a n s m i t t a n c e ) ,   w h i c h  

a l s o   r e m a i n s   when  the   f i e l d   is  r e m o v e d .   The  a p p l i e d  

f i e l d ,   Hs,  n e c e s s a r y   fo r   s w i t c h i n g   b e t w e e n   0  and  100% 

r e l a t i v e   t r a n s m i t t a n c e   (in  t h i s   c a s e ,   300  Oe)  is  s o m e -  

what   g r e a t e r   t h a n   the   c o e r c i v i t y ,   Hc,  wh ich   is  t h e  

a p p l i e d   f i e l d   at  wh ich   the   m a g n e t i z a t i o n   is  z e r o   (50% 

t r a n s m i t t a n c e ) .  

F i g .   2  shows  the   d e p e n d e n c e   of  s w i t c h i n g   f i e l d   on  

f i l m   t h i c k n e s s   and  c o m p o s i t i o n .   As  is  shown  t h e r e ,  

s w i t c h i n g   f i e l d   g e n e r a l l y   d e c r e a s e s   w i t h   i n c r e a s i n g   f i l m  

t h i c k n e s s .   The  c o m p o s i t i o n a l   d e p e n d e n c e   is  no t   q u i t e   a s  

s i m p l e .   R2  has  been  d e f i n e d   as  the   r a t i o   of  t r a n s i t i o n  

m e t a l   a toms   ( in  t h i s   c a s e   i r o n )   to  n o n - m a g n e t i c   a t o m s  

(in  t h i s   c a se   g a l l i u m )   in  t he   m e l t   from  wh ich   t h e  

f a c e t e d   m a g n e t o - o p t i c a l   f i l m s   a re   g r o w n .   D e c r e a s i n g   R2 
r e f l e c t s   i n c r e a s e d   s u b s t i t u t i o n   of  Ga  fo r   Fe  in  the   f i l m  

c o m p o s i t i o n .   Over  the   r a n g e   of  R2  v a l u e s   p l o t t e d   i n  



F i g .   2,  s w i t c h i n g   f i e l d   i n c r e a s e s   w i th   i n c r e a s i n g   Ga 

s u b s t i t u t i o n ,   which   c o r r e s p o n d s   to  d e c r e a s i n g   s a t u r a t i o n  

m a g n e t i z a t i o n .   H o w e v e r ,   a  minimum  s a t u r a t i o n  

m a g n e t i z a t i o n   is  a c h i e v e d   when  t he   ne t   s p i n   of  t h e  

t r a n s i t i o n   m e t a l   a t oms   is  a  minimum  (or  0 ) .   A d d i t i o n a l  

s u b s t i t u t i o n   c a u s e s   an  i n c r e a s e   in  s a t u r a t i o n  

m a g n e t i z a t i o n .   (As  was  d i s c u s s e d   e a r l i e r ,   f i l m  

c o m p o s i t i o n   d e p e n d s   on  b o t h   m e l t   c o m p o s i t i o n   and  t e m p e r -  

a t u r e . )   By  a d j u s t i n g   f i l m   c o m p o s i t i o n   and  t h i c k n e s s ,   a  

r a n g e   of  d e s i r a b l e   s w i t c h i n g   f i e l d   v a l u e s   can  b e  

a c h i e v e d .  

A l t h o u g h   the   p r e f e r r e d   m e t h o d  f o r   p r e p a r i n g   t h e  

p r e s e n t   f i l m s   is  to  d e p o s i t   them  on  a  s u b s t r a t e   h a v i n g  

the   a p p r o p r i a t e   s m a l l e r   l a t t i c e   c o n s t a n t ,   o t h e r   s u i t a b l e  

m e t h o d s   have   been   f o u n d .   One  m e t h o d   i n v o l v e s   f i r s t  

r o u g h e n i n g   the   s u b s t r a t e   s u r f a c e .   F i l m s   d e p o s i t e d   on  a n  

a p p r o p r i a t e l y   r o u g h e n e d   s u r f a c e   d e v e l o p   the   h i g h l y  

d e f e c t i v e   f a c e t   s t r u c t u r e   t h a t   c h a r a c t e r i z e s   the   l a y e r s  

of  t he   p r e s e n t   i n v e n t i o n .   R o u g h e n i n g   can  be  a c c o m -  

p l i s h e d   in  v a r i o u s   w a y s ,   w e l l   known  in  the   a r t .   F o r  

e x a m p l e ,   p o l i s h i n g   w i t h   a  1-um  g r i t   has  been   found   s u i t -  

a b l e .  

In  a n o t h e r   m e t h o d ,   a  c r y s t a l l i n e   i n t e r m e d i a t e   f i l m  

is  f i r s t   d e p o s i t e d   o n t o   t he   s u b s t r a t e ;   t he   g a r n e t   l a y e r  
is   t h e n   d e p o s i t e d   o n t o   the   i n t e r m e d i a t e   f i l m .   The  g a r -  
n e t   l a y e r   has   a  l a t t i c e   c o n s t a n t   t h a t   e x c e e d s   t h a t   o f  

t he   i n t e r m e d i a t e   f i l m   (or  t he   i n t e r m e d i a t e   f i l m   e x c e e d s  

t h a t   of  t he   s u b s t r a t e )   by  a t   l e a s t   a b o u t   0 . 5 % .  

F i g .   3  d e p i c t s   a  l i g h t   m o d u l a t o r   of  the   p r e s e n t  
i n v e n t i o n .   P o l a r i z e d   l i g h t ,   for   e x a m p l e   from  a  s o u r c e  
of  u n p o l a r i z e d   l i g h t   and  a  p o l a r i z e r   1,  p a s s e s   t h r o u g h  

m a g n e t o - o p t i c a l   e l e m e n t   2  of  t h i c k n e s s   t .   (For  s i m p l i -  

c i t y ,   the   s u b s t r a t e   is  not   s h o w n ) .   The  m a g n e t i z a t i o n   i n  

the   c r o s s - h a t c h e d   a r e a   i n s i d e   a  loop   3,  h a v i n g   a  d e s i r e d  

s h a p e ,   has   been  s w i t c h e d   a n t i p a r a l l e l   to  the   m a g n e t i z a -  

t i o n   in  the   r e s t   of  t he   e l e m e n t   by  p a s s i n g   a  c u r r e n t  

p u l s e   t h r o u g h   the  l oop   f rom  c u r r e n t   s o u r c e   4.  B e c a u s e  

of  the   c o e r c i v i t y   of  t h e   e l e m e n t ,   the   m a g n e t i z a t i o n  



r e m a i n s   s w i t c h e d   a f t e r   the   c u r r e n t   p u l s e   is  r e m o v e d .  

The  e l e c t r i c   f i e l d   v e c t o r   E  of  the   p o l a r i z e d   l i g h t  

p a s s i n g   t h r o u g h   the   c r o s s - h a t c h e d   a r e a   is  r o t a t e d  

t h r o u g h   an  a n g l e   @t  b e c a u s e   of  t he   F a r a d a y   e f f e c t .   F o r  

the   l i g h t   t r a n s m i t t e d   t h r o u g h   the   a r e a   o u t s i d e   the  l o o p ,  

E  is  r o t a t e d   t h r o u g h   an  a n g l e   - 6 t .   The  p o l a r i z i n g   a x i s  

5  of  a n a l y z e r   6  is  o r i e n t e d   90°  f rom  the   d i r e c t i o n   o f  

the   E  v e c t o r   of  the   l i g h t   t h a t   has   p a s s e d   t h r o u g h   t h e  

c r o s s - h a t c h e d   a r e a .   Thus ,   t h i s   l i g h t   is  b l o c k e d ,   and  a  

c o r r e s p o n d i n g   a r e a   of  s c r e e n   7  is  d a r k .   H o w e v e r ,   t he   E 

v e c t o r   of  t he   l i g h t   t r a n s m i t t e d   t h r o u g h   the   a r e a   of  t h e  

e l e m e n t   o u t s i d e   the   loop  is  at  an  a n g l e   9 0 ° - 2 8 t   from  t h e  

a n a l y z e r   a x i s .   T h i s   l i g h t ,   whose  i n t e n s i t y   is  a  m a x i m u m  

when  6t  =  4 5 ° ,   r e a c h e s   the  s c r e e n   and  p r o d u c e s   a  l i g h t  

b a c k g r o u n d .  

The  f o l l o w i n g   e x a m p l e s   a re   p r e s e n t e d   in  o r d e r   t o  

p r o v i d e   a  more  c o m p l e t e   u n d e r s t a n d i n g   of  t he   i n v e n -  

t i o n .   The  s p e c i f i c   t e c h n i q u e s ,   c o n d i t i o n s ,   m a t e r i a l s ,  

and  r e p o r t e d   d a t a   s e t   f o r t h   to  i l l u s t r a t e   the  p r i n c i p l e s  

and  p r a c t i c e   of  the   i n v e n t i o n   a re   e x e m p l a r y   and  s h o u l d  

not   be  c o n s t r u e d   as  l i m i t i n g   the   s c o p e   of  the   i n v e n t i o n .  

EXAMPLE  1 

A  f i l m   of  c o m p o s i t i o n   ( B i , Y , T m , G d ) 3 ( F e , G a ) 5 0 1 2   w a s  

grown  on  a  ( 1 1 1 ) - o r i e n t e d   s u b s t r a t e   of  Gd3Ga5O12  f r o m  

the   f o l l o w i n g   m e l t :  

The  "R"  p a r a m e t e r s   a re   t h o s e   d e f i n e d   in  S .L .   Blank   e t  

a l . ,   IEEE  T r a n s .   Magn.  MAG-13,  1095  ( 1 9 7 7 ) ,   w i th   P b O ,  

B203,   and  B i 2 0 3   c o n s t i t u t i n g   the   f l u x ,   and  RE203  d e s i g -  

n a t i n g   the   sum  of  t he   y t t r i u m   and  r a r e - e a r t h   a d d i -  

t i o n s .   The  f i l m   was  grown  at  735°C  fo r   f i v e   m i n u t e s   a t  



a  u n i d i r e c t i o n a l   r o t a t i o n   r a t e   of  200  r e v / m i n .   T h i s  

r e s u l t e d   in  a  f i l m   of  3 .25   µm  t h i c k n e s s ,   a  C u r i e   t e m -  

p e r a t u r e   Tc  of  2 0 1 . 8 ° C ,   a  l a t t i c e   c o n s t a n t   of  1 . 2 4 5 6   nm 

(as  m e a s u r e d   n o r m a l   to  the  f i l m   s u r f a c e ) ,   and  a  s p e c i f i c  

F a r a d a y   r o t a t i o n   @  of  3 .53  d e g / u m ,   as  m e a s u r e d   a t  

5 4 6 . 1   nm.  

EXAMPLES  2 - 1 7  

F i l m s   s i m i l a r   to  t h a t   d e s c r i b e d   in  EXAMPLE  1  w e r e  

grown  to  i n v e s t i g a t e   t h i c k n e s s   and  c o m p o s i t i o n   e f f e c t s .  

The  m e l t   c o m p o s i t i o n   was  the   s ame ,   e x c e p t   t h a t   R2  w a s  

v a r i e d   f rom  6  to  8,  and  the   P b O / 2 B i 2 O 2   r a t i o   was  2 . 5 .   A 

g r o w t h   t e m p e r a t u r e   of  a b o u t   720°C  was  u s e d ,   wh ich   gave   a  

g r o w t h   r a t e   of  a b o u t   0.4  µm/min ,   and  the   g r o w t h   t ime   w a s  

v a r i e d   to  o b t a i n   d e s i r e d   t h i c k n e s s e s .   The  T a b l e   s u m -  

m a r i z e s   the   f i l m   p r o p e r t i e s ,   i n c l u d i n g   the   s w i t c h i n g  

f i e l d   d a t a   t h a t   a p p e a r   in  F i g .   2 .  





1.  A  m a g n e t o - o p t i c a l   e l e m e n t   c o m p r i s i n g  

a  m a g n e t i c   g a r n e t   l a y e r   on  a  c r y s t a l l i n e   s u b s t r a t e ,  

c h a r a c t e r i z e d   in  t h a t   the  l a t t i c e   c o n s t a n t   of  the   g a r n e t  

l a y e r   e x c e e d s   t he   l a t t i c e   c o n s t a n t   of  the   s u b s t r a t e   b y  

at   l e a s t   a b o u t   0 . 5 % .  

2.  The  e l e m e n t   of  c l a i m   1  in   w h i c h   the   g a r n e t  

l a y e r   has  a  c o m p o s i t i o n   n o m i n a l l y   r e p r e s e n t e d   by  t h e  

f o r m u l a   R 3 - d ( C a , S r ) d ( F e , N i , C o , G a ) 5 - d ( S i , G e ) d O 1 2 ,   w h e r e   R 

i s   at  l e a s t   1  e l e m e n t   of  the   g r o u p   c o n s i s t i n g   of  B i , Y ,  

and  the  e l e m e n t s   h a v i n g   a t o m i c   number   from  5 7 - 7 1 ,   and  d 

is   from  0  to  a b o u t   1 . 5 .  

3.  The  e l e m e n t   of  c l a i m   2  in   w h i c h   the   g a r n e t   i s  

( B i , Y , T m , G d ) 3 ( F e , G a ) 5 0 1 2 '  
4.  The  e l e m e n t   of  c l a i m   1  in  w h i c h   the   g a r n e t  

l a y e r   i s   on  t he   (111)   f a c e   of  a  GGG  s u b s t r a t e .  

5.  The  e l e m e n t   of  c l a i m   1  in   w h i c h   the   l a t t i c e  

c o n s t a n t   of  t h e   g a r n e t   l a y e r   e x c e e d s   t he   l a t t i c e  

c o n s t a n t   of  t he   s u b s t r a t e   by  l e s s   t h a n   a b o u t   2%. 

6.  A  l i g h t   m o d u l a t o r   c o m p r i s i n g  

the   m a g n e t o - o p t i c a l   e l e m e n t   of  c l a i m   1  a d a p t e d   f o r  

p l a c e m e n t   so  t h a t   a  beam  of  p o l a r i z e d   l i g h t   i s   i n c i d e n t  

on,  and  p a s s e s   t h r o u g h ,   the   l a y e r ,  

an  a n a l y z e r   a d a p t e d   fo r   p l a c e m e n t   so  t h a t   the   b e a m ,  

a f t e r   p a s s i n g   t h r o u g h   the   e l e m e n t ,   i s   i n c i d e n t   on  t h e  

a n a l y z e r ,  

means   f o r   a p p l y i n g   a  p r e d e t e r m i n e d   m a g n e t i c   f i e l d  

to  the   l a y e r ,   a n d  

means   f o r   a d j u s t i n g   the  m a g n e t i c   f i e l d   to  c o n t r o l  

the   l i g h t   t r a n s m i t t e d   by  the   l i g h t   m o d u l a t o r .  

7.  A  p r o c e s s   f o r   p r e p a r i n g   a  m a g n e t o - o p t i c a l  

e l e m e n t   c o m p r i s i n g   d e p o s i t i n g   by  l i q u i d   p h a s e   e p i t a x y   a  

m a g n e t i c   g a r n e t   l a y e r   on  a  c r y s t a l l i n e   s u b s t r a t e ,  

c h a r a c t e r i z e d   in  t h a t   the   l a t t i c e   c o n s t a n t   of  the   g a r n e t  

e x c e e d s   t he   l a t t i c e   c o n s t a n t   of  the   s u b s t r a t e   by  a t  

l e a s t   a b o u t   0 . 5 % .  

8.  A  p r o c e s s   f o r   p r e p a r i n g   a  m a g n e t o - o p t i c a l  

e l e m e n t   c o m p r i s i n g   r o u g h e n i n g   the   s u r f a c e   of  a  



c r y s t a l l i n e   s u b s t r a t e   and  d e p o s i t i n g   on  the  s u b s t r a t e   b y  

l i q u i d   p h a s e   e p i t a x y   a  s i n g l e   c r y s t a l   m a g n e t i c   g a r n e t  

l a y e r .  

9.  A  p r o c e s s   fo r   p r e p a r i n g   a  m a g n e t o - o p t i c a l  

e l e m e n t   c o m p r i s i n g   d e p o s i t i n g   on  a  c r y s t a l l i n e   s u r f a c e  

an  i n t e r m e d i a t e   c r y s t a l l i n e   f i l m   and  d e p o s i t i n g   on  t h e  

i n t e r m e d i a t e   f i l m   by  l i q u i d   p h a s e   e p i t a x y   a  m a g n e t i c  

g a r n e t   l a y e r   whose  l a t t i c e   c o n s t a n t   e x c e e d s   t he   l a t t i c e  

c o n s t a n t   of  the   i n t e r m e d i a t e   f i l m   by  at  l e a s t   a b o u t  

0 . 5 % .  

10.  A  p r o c e s s   fo r   p r e p a r i n g   a  m a g n e t o - o p t i c a l  

e l e m e n t   c o m p r i s i n g   d e p o s i t i n g   on  a  c r y s t a l l i n e   s u r f a c e  

an  i n t e r m e d i a t e   c r y s t a l l i n e   f i l m   whose  l a t t i c e   c o n s t a n t  

e x c e e d s   t he   l a t t i c e   c o n s t a n t   of  the   s u b s t r a t e   by  a t  

l e a s t   a b o u t   0.5%,  and  d e p o s i t i n g   on  the   i n t e r m e d i a t e  

f i l m   a  m a g n e t i c   g a r n e t   l a y e r .  
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